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Vacuum thermal conduct iv i ty  measurements u t i l i z i n g  t h e  l i n e  sou rce  

technique were made f o r  NASA E4A1 e las tomer ic  h e a t  s h i e l d  material. 

Thermal conduct iv i ty  measurements were made on bo th  vacuum exposed 

and ambient samples t o  d i s c e r n  t h e  changes due t o  vacuum exposure. 

Measurements were a l s o  made on t h e  vacuum samples a f t e r  reexposure t o  

t h e  atmosphere. The r e s u l t s  i nd ica t ed  t h a t  vacuum exposure caused about 

a f i f t e e n  p e r  cent r educ t ion  i n  thermal conduct iv i ty  dur ing  the  9-day 

vacuum exposure per iod.  On reexposure t o  t h e  atmosphere, t h e  thermal 

conduct iv i ty  r eve r t ed  t o  i t s  preexposure va lue .  
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Nomenclature 

S p e c i f i c  hea t ,  B/lbm F 

Current , amperes 

Thermal conduct iv i ty ,  B/hr f t  F 

Absolute pressure ,  Torr  

Heat generated pe r  u n i t  l eng th ,  B/hr f t  

Radia l  d i s t a n c e  from h e a t e r  w i r e ,  f t  

Res is tance  of  h e a t e r  w i r e ,  ohms/ft  

S t rength  per  u n i t  l eng th  of a continuous l i n e  source ,  F f t  2 /h r  

S t rength  of a n  ins tan taneous  po in t  source ,  F f t  3 

T i m e ,  seconds 

T i m e  c o r r e c t i o n  f a c t o r ,  seconds 

Dummy v a r i a b l e  

Car t e s i an  coord ina tes  

Thermal d i f f u s i v i t y ,  f t  / h r  

Constant 

Densi ty ,  lbm/f t  

2 

3 

Subscr ip ts  are used t o  i n d i c a t e  t h e  va lue  of a v a r i a b l e  a t  a p a r t i c u l a r  t i m e .  

For example, €ll i s  the  va lue  of 0 when t = 5' 

Spec ia l  symbols used i n  some of t h e  c a l c u l a t i o n s  g iven  i n  t h e  appendix are 

def ined when used and do not  appear elsewhere i n  t h e  r e p o r t .  

The t e r m  "run number'' i s  used t o  record experimental  da t a .  

between runs w a s  24  hours.  Run number 1 inc ludes  t h e  i n i t i a l  d a t a  f o r  a l l  

samples. For runs 2 through 10, t h e  vacuum system and humidity chamber were i n  

opera t ion .  For runs 11 through 13, a l l  samples w e r e  exposed t o  t h e  atmosphere. 

The t i m e  in terval  
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In t roduc t ion  

The r ecen t  work by Greenwood (‘I* concerning vacuum induced changes i n  

t h e  mechanical p r o p e r t i e s  of a n  e las tomer ic  material has  emphasized t h e  need 

f o r  measuring t h e  p r o p e r t i e s  of certain organic  materials wh i l e  they  are 

exposed t o  a vacuum. 

The purpose of t h i s  i n v e s t i g a t i o n  w a s  t o  develop a technique f o r  

measuring t h e  thermal conduct iv i ty  of a hea t -sh ie ld  material dur ing  vacuum 

exposure and t o  conduct explora tory  measurements t o  determine t h e  e x t e n t  

of changes compared t o  t h e  va lues  a t  atmospheric condi t ions .  

The l ine  source  method of measuring thermal conduct iv i ty  appeared t o  be  t h e  

most promising technique t o  develop because i t  would provide a means f o r  making 

t h e  necessary measurements wh i l e  pe rmi t t i ng  maximum exposure of t he  sample t o  

t h e  vacuum. Also,  s i n c e  no o u t s i d e  covering would be  requi red ,  t h e  method would 

a l s o  be  s u i t a b l e  f o r  making measurements i n  any des i r ed  atmosphere. 

a d d i t i o n a l  advantage is t h e  s i m p l i f i c a t i o n  of t h e  vacuum feedthrough problem 

because a h e a t  s i n k  is  no t  requi red  such as would b e  necessary wi th  a hot  

p l a t e  method. 

An 

Explanation of t h e  Line Source Method 

The l i n e  source  method f o r  measuring thermal conduct iv i ty  has  been used 

by many i n v e s t i g a t o r s  and i t  is  no longer  clear who o r ig ina t ed  i t .  The f i r s t  

comprehensive eva lua t ion  of t h e  method was given by Van de r  Held and 

Van Drunen(2) i n  1949. 

*Superscr ipt  numbers r e f e r  t o  items i n  t h e  bibl iography.  
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The governing equat ions f o r  t h e  a n a l y s i s  of a l i n e  source can be  

deduced from t h e  book by Carslaw and Jaeger (3)  and t h e  fol lowing has  been 

adapted from re fe rence  3. 

The d i f f e r e n t i a l  equat ion  f o r  h e a t  conduction can b e  w r i t t e n  as 

+ -  a 'e = - -  1 ae a 'e 
2 2 2 a a t  az 
- + -  a 'e 
ax a Y  

With an ins tan taneous  p o i n t  source  loca ted  a t  t h e  o r i g i n  equat ion  (1) is 

s a t i s f i e d  by 

2 2 2  - [x  + y + z ] / 4 a t  e S 
312 

e =  
8 (Tat) 

where 8 is temperature rise 

t is  t i m e  a f t e r  i n i t i a t i o n  of h e a t  genera t ion  

a i s  thermal d i f f u s i v i t y  

S i s  t h e  s t r e n g t h  of the  source  

The temperature  f i e l d  represented  by 8 is  t h e  temperature  f i e l d  i n  

an i n f i n i t e  s o l i d  due t o  a quan t i ty  of h e a t  ins tan taneous ly  generated 

a t  t = 0 a t  a p o i n t  l oca t ed  a t  t h e  o r ig in .  

This  can be  extended t o  an  ins tan taneous  l i n e  source  along t h e  z a x i s  

by cons ider ing  a d i s t r i b u t i o n  of p o i n t  sources  a long a l i n e  so t h a t  8 

is  given by 

2 2 2  
e - [x  + y + 2 ]/4at dz S 

8 ( n a t )  -W 3 12 e =  



3 

Integration of equation (3) gives 

2 2  - rx + y ]/4at e e = -  S 
4lTa t 

For a continuous line source with constant strength s per unit length, 

the temperature distribution as a function of time becomes 

2 -r /4at dt 8 = -  - 
4lTa t 

2 2 2  
where r = x + Y  

The equation for 8 can also be written as 

co 
2 

r ,  *=GJ--e U 4?ra Ei (-4at 
-U du S - = - -  S 

4at 

where E is the exponential integral i 

Y 

For small values of v 

3 1 2  
4 Ei(-v) = y + In v - v + - v + Ov 

where y is a constant. 
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4at When - is very  s m a l l  t h e  equat ion  f o r  0 becomes: 

o r -  S l n T - -  4at YS 
4Tra 4Tra r 

The use  of t h e  l i n e  source  method f o r  measuring thermal conduct iv i ty  is  

explained i n  d e t a i l  by Van d e r  Held and Van Drunen (2) 

d i scuss ion  is  ex t r ac t ed  from re fe rence  (2) 

and t h e  fo l lowing  

The equat ion  f o r  0 can b e  recast i n t o  a more convenient form by 

not ing  t h a t  

s =  

where q i s  

p is  

K is  

c i s  

e and a = - K 
P C  P C  

h e a t  generated p e r  u n i t  l eng th  

dens i ty  

thermal conduct iv i ty  

s p e c i f i c  h e a t  

S u b s t i t u t i o n  f o r  q and a i n t o  equat ion  (8) g ives  

4 a t  

r 
Q = 4 -  l n 2 - y  4 ~ r K  

Actua l ly  y is  n o t  a gene ra l  cons tan t  and t h e  equat ion  inc ludes  a, 

however both of t hese  d i f f i c u l t i e s  can be  avoided by t ak ing  t h e  

d i f f e r e n c e  i n  temperature a t  two t i m e s  t o  g e t  



4 

5 

B 
i 
h 

P 

', 
d 
4 

The e r r o r s  which w i l l  always b e  included i n  the a p p l i c a t i o n  of t h e  

method are summarized as fol lows:  

1. Ef fec t  of l eng th  - There w i l l  b e  h e a t  l o s s e s  a t  t h e  ends on 

account of t h e  f i n i t e  l eng th  involved;  however, t h e  loss  has  

been shown t o  be  n e g l i g i b l e  i f  t h e  temperature  i s  measured a t  

t h e  cen te r  of t h e  sample and t h e  sample l eng th  is l a r g e  compared 

t o  t h e  h e a t e r  w i r e  d iameter .  ( 4 )  

2. F i n i t e  w i r e  s i z e  - Since t h e  w i r e  must have a f i n i t e  s i z e  an  

a d d i t i o n a l  h e a t  product ion is requ i r ed  t o  h e a t  t h e  w i r e .  

3 .  S t a r t i n g  t i m e  - It i s  d i f f i c u l t  t o  determine t h e  p r e c i s e  t i m e  

t h a t  t h e  hea t ing  starts and consequently a n  e r r o r  i n  t i m e  

measurement i s  inherent .  

4 .  Inherent  mathematical  e r r o r  - A mathematical  e r r o r  arises from 

the  t runca t ion  of t h e  series f o r  eva lua t ing  Ei (V) .  

Van de r  Held and Van Drunen have shown q u i t e  conclus ive ly  t h a t  t h e  

e r r o r s  2 ,  3 and 4 can b e  accounted f o r  by inc luding  a t i m e  co r rec t ion  

to s o  t h a t  

t2 + t 
0 

= 2 In 
+ t o  02 - 01 47rK 

One means of eva lua t ing  t i s  by consider ing 
0 
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I f  a t / a e  is p l o t t e d  vs .  t i m e  a s t r a i g h t  l i n e  wi th  s l o p e  = 4nK/q 

r e s u l t s .  The i n t e r c e p t  f o r  a t / a e  = 0 is  -to. Although t h e  conduct iv i ty  

K could b e  obtained from the  s l o p e  of t h i s  curve,  i t  is b e t t e r  t o  

determine K from equat ion (11) because of t h e  e r r o r  r e s u l t i n g  from 

d i f f e r e n t i a t i o n  of t h e  experimental  curve. 

A schematic diagram of t h e  type of experimental  equipment r equ i r ed  

i s  shown i n  f i g u r e  1. 

A t y p i c a l  set of r e s u l t s  i s  i l l u s t r a t e d  i n  f i g u r e  2. 
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Ammeter 
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Heater Wire 

Heater Wire 30 gauge manganin 

T e s t  
Sample 

1 
Reference * Junc t ion  

Thermocouple 30 gauge copper-constantan 

Heater Wire Current 200 t o  300 mill iamperes 

Temperature R i s e  

T i m e  0 - 30 seconds 

5 degrees Fahrenheit  maximum 

Figure 1 Typica l  Experimental Arrangement 
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I n i t i a l  

\yN 

o r r e c t e d  Curve 

Wire Heatin 

/- 

11) 

Temperature 

Der iva t ive  of t i m e  w i t h  r e spec t  t o  temperature 

Figure 2 Line Source Data Reduction 
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Experimental Apparatus 

F igure  1 i l l u s t r a t e s  t h e  b a s i c  system requi red  f o r  u se  w i t h  t h e  

l i n e  source  method. The only  e s s e n t i a l  d i f f e r e n c e  between t h e  system 

a c t u a l l y  used and the  one shown i n  f i g u r e  1 i s  t h a t  t h e  a c t u a l  system 

w a s  designed s o  t h a t  s i x  s e p a r a t e  samples could be  t e s t e d  by simply 

switching t h e  recording instruments  and b a t t e r y  t o  each sample i n  

success ion  (see f i g u r e  3 ) .  

The system w a s  designed s o  t h a t  s i x  samples could b e  t e s t e d  simultaneously-- 

t h r e e  samples i n  a vacuum chamber and t h r e e  samples i n  a cons tan t  humidity 

chamber. The test apparatus  is  shown i n  f i g u r e  4. A l l  of t he  ins t rumenta t ion  

used is  on t h e  t a b l e  between t h e  vacuum system and t h e  humidity chamber. The 

recording potent iometer  on t h e  extreme r i g h t  w a s  n o t  used i n  t h e  experiments.  

Figures  5 and 6 show t h e  b racke t s  used f o r  mounting t h e  samples i n  t h e  

humidity and vacuum chambers. The e n t i r e  test  appara tus  w a s  i n s t a l l e d  

i n  an air-condi t ioned room where t h e  temperature w a s  maintained a t  7022F. 

The instruments  used (see f i g u r e s  3 and 4 f o r  l o c a t i o n  i n  t h e  

system) 

1. 

2. 

3. 

4 .  

5. 

were as fol lows:  

Recorder - Minneapolis-Honeywell record ing  potent iometer  

Model Y 153 X 1 7  (VAI-X-3ODN6, v a r i a b l e  span t o  1.0 mv. f u l l  

scale and 8 inches/min. c h a r t  speed 

Ammeter - Westinghouse Type PX-161 DC M i l l i a m m e t e r  

Potent iometer  - Rubicon Model 2745 

Amplifier - H e w l e t t  Packard Model 24708 Data Amplif ier  

Vacuum gauge - NRC type  507 i o n i z a t i o n  gauge wi th  NRC type  710R 

Vacuum Gauge Control  
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Figure  4 T e s t  Apparatus 

' I  

Figure  5 Sample Mounting i n  t h e  Humidity Chamber 
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Figure 6 Sample Mounting i n  the  Vacuum Chamber 
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The vacuum chamber used w a s  a n  18-inch b e l l  jar arrangement coupled 

t o  a CEC 4-inch d i f f u s i o n  pump and a Welch roughing pump. The vacuum 

system included a water-cooled chevron b a f f l e  and the u l t i m a t e  vacuum 

c a p a b i l i t y  of t h e  system w a s  t o r r  w i th  no load. 

The cons tan t  humidity chamber used w a s  a Tenney Engineering, Inc.  

Model TH-Jr. The u n i t  is capable  of c o n t r o l l i n g  d ry  bulb temperature  

w i t h i n  2 1/2'F and r e l a t i v e  humidity w i t h i n  - + 1% a t  90% o r  h igher  and 

- + 5% a t  lower humidi t ies .  

A simple comparator w a s  also cons t ruc ted  s o  t h a t  t h e  conduct iv i ty  

of a sample could be  obtained by comparing t h e  temperature  drop ac ross  t h e  

sample w i t h  t h e  temperature  drop ac ross  a r e fe rence  sample w i t h  a known 

conduct iv i ty .  A schematic of t h e  appara tus  is  shown i n  f i g u r e  7. The 

temperatures i n  t h e  comparator w e r e  monitored wi th  t h e  same potent iometer  

t h a t  w a s  used f o r  t h e  o t h e r  experiments.  The comparator w a s  designed t o  

u t i l i z e  round samples wi th  a 4-inch diameter .  Various th icknesses  could 

be  used by vary ing  the  s i z e  of t h e  spacers .  

approximately one inch  th ick .  The thermocouples w e r e  mounted i n  

1/8-inch t h i c k  copper p l a t e s  which were placed as shown i n  f i g u r e  7. 

Typica l  samples used were 
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Figure 7 Comparator 
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Sample P repa ra t ion  

I 
i 

The h e a t  s h i e l d  material used i n  t h e s e  tests w a s  NASA E4Alwi th  a 

composition by weight as fol lows:  73.0% General Electric RTV 602 

elastomer,  11.0% Emerson and Gumming, Inc.  s i l i c o n  eccospheres,  10.0% 

Union Carbide P l a s t i c  Go. phenol ic  microbal lons,  4.0% Johns Manville 

F ibe rg la s s ,  Inc.  microquartz  f i b e r s ,  2.0% General Electric SF-69 

dimethyl s i l i c o n e  o i l ,  and 0.5% General Electric SRC-04 RTV 602 cur ing  

c a t a l y s t  (based on weight of e las tomer) .  

The samples t e s t e d  were one-inch square cy l inde r s  fou r  inches long. 

Since t h e  sample shape used wi th  t h e  l i n e  source  method is  n o t  important 

t h e  square  cy l inder  w a s  chosen f o r  i ts  s i m p l i c i t y .  

The sample s i z e  i s  a l s o  no t  important as long as i t  is l a r g e  enough 

s o  t h a t  t h e  temperature  propagat ion does n o t  reach t h e  s u r f a c e  during 

t h e  t e s t i n g  per iod.  The i n i t i a l  choice of sample s i z e  w a s  based upon t h e  

recommendations of Underwood and McTaggart , who t e s t e d  a material wi th  

approximately t h e  same p r o p e r t i e s  as the  material t e s t e d  i n  t h i s  i nves t iga t ion .  

The experimental  r e s u l t s  i n d i c a t e  t h a t  t h e  samples w e r e  l a r g e  enough. 

( 4 )  

The samples were c u t  from a l a r g e  block of material wi th  hand t o o l s .  

To avoid contamination of t h e  samples  t h e  fol lowing precaut ions  w e r e  observed: 

1. The material w a s  kept  i n  moisture-proof polye th lene  bags dur ing  

s t o r a g e  and handl ing,  except  dur ing  the  a c t u a l  c u t t i n g  o r  experimentation. 

2. When t h e  material w a s  handled clear p l a s t i c  gloves w e r e  always worn. 

3. A l l  c u t t i n g  t o o l s ,  j i g s  and w i r e s  used w e r e  cleaned wi th  e t h y l  

a lcohol  immediately be fo re  use. 
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The d i f f i c u l t  p a r t  of t h e  sample p repa ra t ion  w a s  t h e  i n s e r t i o n  of 

a 

g 

1 .' 

t h e  h e a t e r  w i r e  and t h e  thermocouple i n t o  t h e  samples. 

procedure w a s  used. 

sample. ) 

The fol lowing 

(See f i g u r e  1 f o r  a schematic  diagram of t h e  test 

A hypodermic needle  (0.028 in .  O.D.) w a s  forced  through t h e  sample 

The hypodermic needle  w a s  f ed  through us ing  t h e  j i g  shown i n  f i g u r e  8. 

t h e  l a t h e  chuck i n  s m a l l  increments t o  prevent  bending and t h e  p e n e t r a t i o n  

w a s  accomplished by moving t h e  compound suppor t  t o  which t h e  j i g  w a s  a t t ached .  

The l a t h e  chuck w a s  r o t a t e d  s l i g h t l y  by hand t o  f a c i l i t a t e  p e n e t r a t i o n  

of t h e  sample. 

tub ing  was i n s e r t e d  i n t o  t h e  tub ing  he ld  i n  t h e  chuck t o  provide increased  

s t i f  f n e s s  . 

During t h e  p e n e t r a t i o n  process  a smaller diameter hypodermic 

Af t e r  t h e  tub ing  had pene t r a t ed  t h e  e n t i r e  l eng th  of t h e  sample 

t h e  inne r  tube w a s  removed and a l eng th  of h e a t e r  w i r e  w a s  i n s e r t e d  

i n t o  t h e  remaining tube.  One end of t h e  thermocouple w i r e  w a s  bent  

i n t o  a hook which could b e  i n s e r t e d  i n t o  a s l o t  c u t  near  t h e  end of 

t h e  hypodermic tub ing .  

t h e  h e a t e r  w i r e  i n  a h e l i c a l  pa t t e rn .  

ex t r ac t ed  from t h e  sample and t h e  h e a t e r  wire-thermocouple combination 

w a s  pu l l ed  through t h e  sample fol lowing t h e  tub ing  u n t i l  t h e  thermocouple 

j u n c t i o n  was a t  t h e  cen te r  of t h e  sample. 

The thermocouple w i r e  w a s  then  wrapped around 

The hypodermic tub ing  w a s  then  

The thermocouple and h e a t e r  wires were c l ipped  approximately one- 

f o u r t h  of an  inch  from the  ends of t h e  sample and l a r g e r  diameter l ead  

w i r e s  were so ldered  t o  t h e  ends. 

The whole process  must b e  done c a r e f u l l y  and slowly t o  avoid breaking 

t h e  w i r e s ,  and a f t e r  a few t r ia ls  no p a r t i c u l a r  d i f f i c u l t y  w a s  encountered. 
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Figure 8 Jig for Sample Preparation 
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The hypodermic tubing used w a s  only s l i g h t l y  l a r g e r  than the  combined 

h e a t e r  and thermocouple w i r e s  and the material w a s  s u f f i c i e n t l y  elastic 

t o  provide a t i g h t  f i t  f o r  the w i r e s .  
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Test Procedure 

One of t h e  advantages of t he  l i n e  sou rce  method is  t h a t  t h e  experimental  

technique requi red  is  q u i t e  simple.  

Af t e r  t h e  e n t i r e  system had been prepared and a l l  of t he  samples were 

i n s t a l l e d ,  t h e  e lectr ical  c i r c u i t s  w e r e  checked and t h e  system w a s  allowed t o  

s tand  f o r  24 hours p r i o r  t o  beginning t h e  a c t u a l  test t o  i n s u r e  t h a t  a l l  t h e  

samples w e r e  i n  thermal equi l ibr ium.  

Thermocouples were i n s e r t e d  near  t h e  s u r f a c e  i n  two of t h e  samples t o  

check f o r  thermal equi l ibr ium.  

number one which w a s  i n  t h e  vacuum chamber and i n  sample number fou r  which 

w a s  i n  t he  cons tan t  humidity chamber. P r i o r  t o  each run t h e  vo l t ages  were 

measured f o r  t h e  thermocouples i n  a l l  of t h e  samples  s o  t h a t  t he  s u r f a c e  

temperatures could be compared wi th  t h e  i n t e r i o r  temperatures.  The r e s u l t s  

a r e  tabula ted  i n  Appendix D .  

t h e  su r face  and i n t e r i o r  temperatures.  

These thermocouples were i n s e r t e d  i n  sample 

There w a s  no s i g n i f i c a n t  d i f f e r e n c e  between 

On t h e  f i r s t  day of t h e  tes t ,  d a t a  were taken f o r  a l l  t he  samples a t  

ambient condi t ions  and then  t h e  vacuum system and t h e  humidity chamber were 

put  i n t o  opera t ion .  

nine days both t h e  vacuum system and t h e  humidity chamber were turned of f  and 

a l l  s i x  samples were exposed t o  the  atmosphere. The t e s t i n g  w a s  continued f o r  

t h r e e  more days a t  ambient condi t ions .  

Subsequent t e s t i n g  w a s  done a t  24-hour i n t e r v a l s .  Af te r  

P r i o r  t o  each test, t h e  c a l i b r a t i o n  of t h e  amplif ier-recorder  combination 

w a s  checked with t h e  Rubicon potent iometer .  With t h e  recorder  cons t an t ly  i n  

opera t ion  t h e  ind iv idua l  tests were s t a r t e d  and stopped by simply turn ing  

the  hea te r  cu r ren t  on and o f f .  
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The a c t u a l  test  t i m e  f o r  each sample w a s  l i m i t e d  t o  less than f o r t y  

seconds t o  prevent  unnecessary h e a t i n g  of t h e  samples i n  t h e  vacuum chamber. 

D i s s ipa t ion  of t h e  energy added t o  t h e  samples during t e s t i n g  r e q u i r e s  

a long t i m e  because of the vacuum. 
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Resu 1 t s 

a 
L 
d 

b 

A t y p i c a l  set of experimental  d a t a  is  shown i n  f i g u r e  9. The 

d a t a  are p l o t t e d  f o r  one sample f o r  t h e  i n i t i a l  cond i t ion ,  a f t e r  t h r e e  

days i n  vacuum, and f o r  t h e  last day of t h e  test which corresponds t o  

t h r e e  days a t  ambient condi t ions  a f t e r  vacuum exposure. 

Consider t h e  d a t a  f o r  t h e  f i r s t  and l a s t  days of t h e  test .  The 

temperature  rise is d i r e c t l y  p ropor t iona l  t o  t h e  power suppl ied t o  t h e  

w i r e  s o  t h a t  i f  t h e  temperature  rise w e r e  ad jus t ed  f o r  d i f f e r e n c e  i n  t h e  

power levels  t h e  curves would co inc ide  ( f o r  t > 5, o r  a f t e r  the  s t a r t i n g  

pe r iod ) .  

a f t e r  vacuum exposure i s  a t  least approximately t h e  same. 

It is  immediately apparent  t h a t  t h e  conduct iv i ty  be fo re  and 

Since t h e  thermal conduct iv i ty  is inve r se ly  p ropor t iona l  t o  the  s l o p e  

of t he  curves f o r  cons tan t  h e a t  add i t ion ,  a change due t o  vacuum exposure 

can be  observed by comparing t h e  i n i t i a l  d a t a  wi th  t h e  r e s u l t s  a f t e r  

t h ree  days i n  the  vacuum chamber. For t h e s e  two condi t ions  t h e  d i f f e r e n c e  

i n  hea te r  cu r ren t s  is  s m a l l  enough t o  be neglected and a d i r e c t  comparison 

i s  poss ib l e .  

While v a r i a t i o n s  i n  thermal conduct iv i ty  can b e  observed by s tudying 

the  experimental  d a t a  the  a c t u a l  va lues  f o r  t h e  conduct iv i ty  cannot be  

ca l cu la t ed  u n t i l  t h e  c o r r e c t i o n  f a c t o r  i n  equat ion (11) has been determined. 

The c o r r e c t i o n  f a c t o r s  w e r e  obtained i n  the  fol lowing manner: 

1. The thermal conduct iv i ty  w a s  measured by u s e  of the  comparator 

descr ibed i n  t h e  s e c t i o n  on apparatus .  

2. It w a s  assumed t h a t  t h e  i n i t i a l  conduct iv i ty  w a s  t h e  same f o r  

each sample and equal  t o  t h e  va lue  obtained with t h e  comparator. 

Y 
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Figure 9 Typical Experimental Data 

Sample No. 3 
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Thermocouple Output (175 units = 0.100 millivolts) 
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3 .  Equation (11) w a s  solved t o  o b t a i n  t h e  c o r r e c t i o n  f a c t o r  f o r  

each sample. 

4 .  It w a s  assumed t h a t  the c o r r e c t i o n  f o r  each sample remained 

cons tan t  during t h e  e n t i r e  test. 

A d e t a i l e d  d i scuss ion  and j u s t i f i c a t i o n  f o r  t h e  procedure used i n  

determining t h e  c o r r e c t i o n  f a c t o r s  w i l l  b e  given i n  t h e  s e c t i o n  on Data 

Reduction. 

The v a r i a t i o n  i n  thermal conduct iv i ty  wi th  t i m e  i s  given f o r  each 

of t he  samples i n  f i g u r e s  10 and 11. 

f o r  both t h e  vacuum samples and t h e  c o n t r o l  samples are shown i n  f i g u r e  12 

toge ther  w i t h  t h e  p re s su re  v a r i a t i o n .  

f o r  sample number 2 i s  due t o  a damaged e lectr ical  connection caused by 

t h e  stress on t h e  w i r e  dur ing  sample p repa ra t ion  which w a s  no t  apparent  

when t h e  t e s t i n g  began. The r e s u l t s  f o r  sample number 2 

i n  t h e  average va lues  shown i n  f i g u r e  12. 

are a l s o  l i s t e d  i n  t a b l e  1 f o r  convenience. 

The average va lues  of conduct iv i ty  

Some of t h e  s c a t t e r i n g  of d a t a  

are no t  included 

The thermal  conduct iv i ty  va lues  

A s  i nd ica t ed  i n  f i g u r e  1 2  t h e  thermal conduct iv i ty  was  reduced by 

approximately f i f t e e n  pe r  cen t  due t o  t h e  vacuum exposure and then  

re turned  t o  approximately t h e  i n i t i a l  va lue  upon subsequent reexposure 

t o  t h e  atmosphere. 

The r e l a t i v e  humidity i n  t h e  humidity chamber w a s  he ld  a t  55 pe r  cent .  

The humidity be fo re  t h e  test  w a s  30 per  cen t  and f o r  t h e  t h r e e  f i n a l  days 

i t  va r i ed  between 25 and 3 4  per  cent .  

independent of re la t ive humidity i n  t h e  range of 25 t o  55 per  cent .  

The conduct iv i ty  appears  t o  b e  

Tabulated experimental  d a t a  are included i n  Appendix C. 
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Q 

Run No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1 

7.10 

6.09 

6.27 

5.85 

6.48 

6.15 

5.95 

5.63 

6.18 

6.10 

7.03 

7.48 

7.30 

Table 1 

Thermal Conduct ivi ty  Values 

A l l  v a l u e s  are i n  (B/hr f t  F) x 10 
2 

2 

7.10 

6.76 

6.99 

6.21 

6.40 

6.62 

5.69 

6.40 

6.56 

6.74 

8.11 

7.50 

7.98 

Sample Number 

3 Average 
(1 and 3) 

7.10 7.10 

5.95 6.02 

5.78 6.02 

5.83 5.84 

5.71 6.09 

6.00 6.07 

5.53 5.74 

6.42 6.02 

6.03 6.10 

5.88 5.99 

6.78 6.90 

6.88 7.18 

6.73 7.01 

4 

7.10 

7.36 

6.90 

7.42 

7.90 

7.65 

7.48 

7.30 

7.90 

8.18 

7.30 

7.65 

7.30 

5 

7.10 

7.00 

7.54 

7.15 

7.15 

7.71 

7.59 

7.53 

7.53 

7.65 

7.36 

7.14 

7.30 

6 

7.10 

7.04 

7.38 

7.38 

6.99 

7.69 

7.50 

7.32 

7.69 

7.44 

7.15 

7.32 

7.20 

Aver age 
(4 ,  5, and 61) 

7.10 

7.13 

7.04 

7.32 

7.35 

7.68 

7.52 

7.38 

7.71 

7.76 

7.27 

7.37 

7.27 
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Data Reduction and E r r o r  Analysis  

Equation (11) i s  t h e  governing equat ion f o r  t h e  l i n e  source  

method and i t  i s  repeated h e r e  f o r  convenience. 

t2 + t 
+ to 

0 
= I n  Q2 - Q1 47rk 

The d i f f i c u l t  p a r t  of t h e  d a t a  reduct ion  is t h e  de te rmina t ion  

of t he  c o r r e c t i o n  f a c t o r  t . Note t h a t  i f  t h e  experimental  d a t a  were 

p l o t t e d  on a semi-logarithmic coord ina te  system the  experimental  d a t a  

would fol low a curved l i n e  as i l l u s t r a t e d  i n  f i g u r e  1. The c o r r e c t i o n  

f a c t o r  t i s  a cons tan t  having a va lue  such t h a t  i f  t were added t o  each 

va lue  of t t h e  r e s u l t i n g  curve would be a s t r a i g h t  l i n e .  

0 

0 0 

A s imple method f o r  so lv ing  t h e  problem has been suggested by 

Underwood and McTaggart ( 4 ) .  They sugges t  t h a t  t h e  problem can be  

solved g raph ica l ly  i f  t h e  experimental  d a t a  are p l o t t e d  on semilog 

coordinate  paper.  I f  a s t r a i g h t  edge i s  placed along t h e  po in t s  and 

ad jus ted  u n t i l  i t  l ies  an equal  increment of t i m e  (not  d i s t ance )  away 

from each po in t  then t h e  co r rec t ed  curve has  been determined. The 

a c t u a l  va lue  of t 

thermal conduct iv i ty  can be  determined from t h e  s l o p e  of t he  curve. Although 

t h i s  method i s  simple and i s  a c t u a l l y  easy t o  use ,  t h e  r e s u l t s  are not  

s a t i s f a c t o r y .  It  is d i f f i c u l t  t o  g e t  cons i s t en t  r e s u l t s  and i f  two 

d i f f e r e n t  persons analyze t h e  same set of d a t a  t h e  r e s u l t s  can e a s i l y  

d i f f e r  by twenty per  cent .  

i s  not  of p a r t i c u l a r  i n t e r e s t  s i n c e  t h e  va lue  of t h e  
0 

A more p r e c i s e  method f o r  determining t has been suggested by 
0 

Van de r  Held and Van Drunen (2)  and involves  t h e  use  of equat ion  (12) 



as explained previous ly .  A 

a s t r a i g h t  l i n e  and then  t 
0 
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p l o t  of t i m e  vs t h e  d e r i v a t i v e  should produce 

could b e  found e a s i l y  as t h e  i n t e r c e p t  

when t h e  d e r i v a t i v e  is  zero .  Th i s  technique p r e s e n t s  some d i f f i c u l t i e s  

because i t  requ i r e s  p r e c i s e  de te rmina t ion  of t he  d e r i v a t i v e  of t i m e  w i th  

r e spec t  t o  temperature.  

I n  t h e  p re sen t  i n v e s t i g a t i o n  i t  w a s  found t h a t  equat ion  (12) could 

be used over only a l imi t ed  t i m e  i n t e r v a l  (u sua l ly  from about 6 t o  18 

seconds) ,  and even then  cons iderable  scatter of t h e  d a t a  w a s  sometimes 

encountered. The d i f f i c u l t y  is  due t o  t h e  f a c t  t h a t  t h e  c o r r e c t i o n  f a c t o r  

i s  d i r e c t l y  p ropor t iona l  t o  t h e  d e r i v a t i v e  of t i m e  w i th  respect t o  

temperature.  No matter what scheme i s  used t o  eva lua te  t h e  c o r r e c t i o n  

f a c t o r ,  and even i f  t h e  scheme does not  involve  a d i r e c t  eva lua t ion  of 

t h e  d e r i v a t i v e ,  t he  fundamental dependence upon t h e  d e r i v a t i v e  i s  s t i l l  there .  

The p a r t i c u l a r  d i f f i c u l t y  encountered i n  t h i s  i n v e s t i g a t i o n  can be  

t raced  t o  a l a c k  of r e s o l u t i o n  i n  t h e  d a t a  recording system. The 

thermocouple output  w a s  amplif ied and then recorded using a record ing  

potent iometer .  The ampl i f i e r  and recorder  combination w a s  c a l i b r a t e d  as 

a u n i t  using t h e  Rubicon potent iometer  as a re ference .  The c a l i b r a t i o n  

w a s  accu ra t e  t o  wi th in  1 p a r t  i n  175. (The c h a r t  paper used w a s  d iv ided  

i n t o  d i v i s i o n s  of approximately one m i l l i m e t e r  and i t  w a s  convenient t o  

relate 175 c h a r t  u n i t s  t o  a vo l t age  d i f f e r e n c e  of 0.100 m i l l i v o l t s . )  

The c h a r t  could be read t o  2 0.5 scale u n i t s  and t h e  t o t a l  change i n  vo l t age  

f o r  a t y p i c a l  test  w a s  from 100 t o  130 scale u n i t s  s o  t h a t  t h e  o v e r a l l  

accuracy w a s  w i th in  one p e r  cen t .  The c h a r t  speed w a s  8 in./min ( con t ro l l ed  

by a synchronous motor),  and s i n c e  a t y p i c a l  test t i m e  w a s  30 seconds,  

t h e  o v e r a l l  accuracy w a s  more than adequate. It  w a s  convenient t o  use  
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1/8-inch increments i n  reading t h e  c h a r t  ou tput  s o  t h e  b a s i c  t i m e  u n i t  

used i n  t h e  d a t a  i s  60/64 seconds. (Only t i m e  r a t i o s  are used, s o  t h e  

p a r t i c u l a r  va lue  of t h e  t i m e  u n i t  i s  not  important and no inconvenience 

is  introduced as a r e s u l t  of t h e  f r a c t i o n . )  The only o t h e r  measurement 

requi red  w a s  t h e  cu r ren t  i n  t h e  h e a t e r  w i r e  and t h i s  w a s  measured w i t h  

a l abora to ry  q u a l i t y  m i l l i a m m e t e r  a ccu ra t e  t o  w i t h i n  - + 0.25 pe r  cent. 

The o v e r a l l  accuracy of t h e  d a t a  w a s  more than  adequate;  however t h e  

r e s o l u t i o n  w a s  n o t  s a t i s f a c t o r y  f o r  a p r e c i s e  de te rmina t ion  of t h e  

d e r i v a t i v e  of t i m e  w i th  r e spec t  t o  temperature.  When a test w a s  

f i r s t  s t a r t e d  t h e  vo l t age  climbed r ap id ly  i n  a s m a l l  i n t e r v a l  of t i m e  

and then, as a r e s u l t  of t he  logar i thmic  r e l a t i o n s h i p  between t h e  v a r i a b l e s ,  

the vol tage  change w a s  s m a l l  over a long per iod of t i m e .  

only a s m a l l  t i m e  i n t e r v a l  (u sua l ly  6 t o  18 seconds o r  l e s s )  during which 

t h e  changes i n  t i m e  and temperature  were of the same o rde r  ( i n  terms of 

scale u n i t s ) .  Thus t h e r e  w a s  only a s h o r t  t i m e  per iod  dur ing  which t h e  

d e r i v a t i v e  could be  eva lua ted ,  and even then  t h e  p r e c i s i o n  w a s  l imi t ed  by 

t h e  l ack  of r e s o l u t i o n  i n  t h e  d a t a .  

There w a s  

To overcome some of t h e s e  d i f f i c u l t i e s ,  cons iderable  t i m e  w a s  spent  

analyzing t h e  d a t a  and t h e  fol lowing f i n a l l y  emerged. 

The d a t a  were read from t h e  o r i g i n a l  recorder  c h a r t s  us ing  30 t i m e  

increments of 60/64 seconds each and t h e  d a t a  w e r e  then  put  on punched 

cards  t o  f a c i l i t a t e  computer opera t ions .  The computer w a s  used t o  match 

a 4th order  polynomial t o  t h e  d a t a  f o r  each ind iv idua l  run and t h e  

d e r i v a t i v e  of t i m e  wi th  r e spec t  t o  temperature w a s  ca l cu la t ed ,  a l s o  by 

computer, for  each i n d i v i d u a l  run as a funct ion  of t i m e .  For each sample 
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t h e  d e r i v a t i v e s  were p l o t t e d  t o  eva lua te  t h e  c o r r e c t i o n  f a c t o r  t . 
Figure  13 shows some of t h e  d a t a  f o r  sample number 3. 

0 

The d a t a  shown 

are r e p r e s e n t a t i v e  and some of t h e  runs are omitted t o  make t h e  r e s u l t s  

clear. 

The range of d a t a  presented  i n  f i g u r e  13 is r e s t r i c t e d  t o  t h e  t i m e  

i n t e r v a l  i n  which t h e  d a t a  can be  represented  by a s t r a i g h t  l i n e ,  s i n c e  

t h i s  is  t h e  only d a t a  t h a t  are  u s e f u l  i n  t h e  eva lua t ion  of t h e  c o r r e c t i o n  

f a c t o r .  A s  noted previous ly  t h e  r e s o l u t i o n  of t h e  d a t a  is  inadequate  t o  permit  

t he  eva lua t ion  of t h e  d e r i v a t i v e  of t i m e  wi th  r e spec t  t o  temperature ou t s ide  

a l imi t ed  range. 

It i s  obvious from t h e  d a t a  presented i n  f i g u r e  13  t h a t  a precise 

va lue  f o r  t he  c o r r e c t i o n  f a c t o r  cannot be  obtained from the  g raph ica l  

r e s u l t s .  

p a r t i c u l a r  sample cannot be  completely j u s t i f i e d ,  however t h e  d a t a  do 

The assumption made previous ly  t h a t  t i s  cons tan t  f o r  a 
0 

i n d i c a t e  a t rend  toward a common c o r r e c t i o n  f a c t o r  s o  t h e  assumption i s  

reasonable  

On the  b a s i s  of a cons tan t  c o r r e c t i o n  f a c t o r  f o r  a given sample, 

t he  f i n a l  d a t a  reduct ion  w a s  accomplished by c a l c u l a t i n g  t h e  c o r r e c t i o n  

va lue  us ing  equat ion (11) and a va lue  of thermal conduct iv i ty  determined 

by a comparison technique. 

The comparison technique mentioned above w a s  a c t u a l l y  used i n i t i a l l y  
u" 

f o r  a d i f f e r e n t  purpose. To provide a r e fe rence ,  a c a l i b r a t e d  thermal 

conduct iv i ty  r e fe rence  specimen w a s  obtained from t h e  Nat iona l  Bureau of 

Standards.  

conduct iv i ty  of 0.089 B/hr f t  

The r e fe rence  specimen w a s  gum rubber wi th  a thermal 

0 F which i s  i n  t h e  range of conduct iv i ty  

expected f o r  a material of t h e  type being t e s t e d .  
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Figure 13 Determination of Correc t ion  Fac tor  
(See Appendix A f o r  scale f a c t o r s  f o r  t and 0) 
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A s imple comparison device  w a s  b u i l t ,  as shown i n  f i g u r e  7 ,  i n t o  

which a p i e c e  of t he  r e fe rence  material could b e  i n s e r t e d  toge the r  w i th  

a p i ece  of t h e  test material. Assuming t h e  same h e a t  flow through t h e  

r e fe rence  and unknown specimens t h e  thermal  conduct iv i ty  can b e  deduced 

by a s imple comparison of temperature  d i f f e r e n c e s .  The device  is  

admit tedly crude,  however it w a s  intended f o r  u s e  only as a guide. 

When i t  w a s  decided t o  u s e  t h e  d a t a  obta ined  wi th  t h e  comparator, a 

s imple  check w a s  made t o  eva lua te  t h e  accuracy of t h e  technique. 

unknown sample w a s  rep laced  wi th  another  p i e c e  of t h e  r e fe rence  material 

and t h e  temperature  d i f f e r e n c e s  ac ross  t h e  two r e fe rence  samples were 

compared. The temperature  d i f f e r e n c e  ac ross  t h e  p i e c e  which rep laced  

t h e  unknown w a s  s i x  per  cent  h igher  than  t h e  temperature  ac ross  t h e  

r e fe rence  sample. 

t h e  thermal conduct iv i ty  by comparison t h e r e  would be a s i x  pe r  cent  

e r r o r .  The e r r o r  can be  a t t r i b u t e d  t o  h e a t  t r a n s f e r  i n t o  t h e  comparator 

from t h e  surroundings,  because t h e  test sample w a s  a t  a temperature 

below ambient. 

The 

I f  t h e  temperature  d i f f e r e n c e s  were used t o  c a l c u l a t e  

Cer t a in ly  t h e  conduct iv i ty  which w a s  obtained wi th  t h e  comparator 

and used i n  t h e  d a t a  r educ t ion  i s  not  t h e  t r u e  va lue ,  however i t  is  a 

reasonable  va lue  and the  dev ia t ion  from t h e  t r u e  va lue  should be  less 

than s i x  per  cent .  The reason  f o r  assuming less than  s i x  per  cen t  is  

t h a t  wi th  t h e  sample of t h e  test material i n  t h e  comparator t he  temperature 

i n s i d e  t h e  comparator w a s  c l o s e r  t o  ambient than  wi th  t h e  NBS sample 

s o  t h a t  t h e  h e a t  leakage w a s  less. 

A f u r t h e r  check of t h e  method w a s  attempted by measuring the  

conduct iv i ty  of t h e  r e fe rence  material by use of t h e  l i n e  source method. 
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A sample w a s  c u t  from t h e  r e fe rence  material i n  t h e  same shape and 

s i z e  as t h e  test  samples. 

earlier would no t  work because t h e  hypodermic tub ing  would n o t  p e n e t r a t e  

t h e  gum rubber.  

h e a t e r  and thermocouple w i r e s  were placed between t h e  two p ieces  and 

t h e  assembly w a s  clamped wi th  a p a r a l l e l  wood clamp. 

wi th  t h i s  technique ind ica t ed  a va lue  of thermal conduct iv i ty  of 0.012 B/hr f t  

which w a s  26% g r e a t e r  than  t h e  va lue  measured by t h e  N.B.S.  

p a r t  of t h i s  d i f f e r e n c e  could be  due t o  a v a r i a t i o n  i n  conduct iv i ty  wi th  

d i r e c t i o n  i n  t h e  r e fe rence  material. 

between t h e  rubber and the  h e a t e r  w i r e  is  not  complete. 

The technique f o r  sample p repa ra t ion  explained 

The sample w a s  f i n a l l y  c u t  i n  h a l f  w i th  a s a w  and t h e  

The r e s u l t s  obtained 

0 F 

A s i g n i f i c a n t  

It is  a l s o  poss ib l e  t h a t  t h e  con tac t  

" 8  I 
t 
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Since s i g n i f i c a n t  changes have been de tec t ed  i n  t h e  thermal conduct iv i ty  

of t h e  test  material due t o  vacuum s to rage ,  i t  would be h e l p f u l  t o  have 

an explana t ion  of t h e  changes o r  a t  least some mathematical  model which 

would h e l p  t o  p r e d i c t  t h e  change. 

( 1) 
The f i r s t  approach t o  t h e  ques t ion  i s  t o  cons ider  t h e  work of Greenwood . 

Greenwood's work w a s  concerned wi th  t h e  mechanical p r o p e r t i e s  of a similar 

subs tance  and a phenomenological model w a s  employed t o  desc r ibe  t h e  behavior .  

The model used w a s  concerned wi th  t h e  s t r e n g t h  of t h e  bond between t h e  

b inder  and t h e  ox id ize r  i n  a s o l i d  p rope l l an t .  Ce r t a in ly  the  bond can be  of 

utmost importance when cons ider ing  mechanical p r o p e r t i e s ,  however when 

dea l ing  wi th  thermal p r o p e r t i e s  t h e  n a t u r e  of t h e  bond may assume a 

lesser importance. The a b l a t i o n  material being s tud ied  inc ludes  a l a r g e  

number of s m a l l  hollow spheres, s o l i d  spheres,and f i b e r s  d i spersed  i n  a 

s i l i c o n e  rubber b inder  s o  t h a t  t h e  phys ica l  contac t  between t h e  b inder  and 

t h e  f i l l e r  materials w i l l  have some e f f e c t  on t h e  o v e r a l l  thermal conduct iv i ty .  

However, it seems more l i k e l y  t h a t  t h e  p r o p e r t i e s  of t h e  gas i n s i d e  t h e  hollow 

spheres  w i l l  have a predominant e f f e c t .  When t h e  material i s  exposed t o  a 

vacuum, outgassing of t h e  spheres  would create voids  which have n e g l i g i b l e  

conduct iv i ty  and t h i s  could provide an  e f f e c t  which overwhelms t h e  e f f e c t  

of t h e  bond between t h e  b inder  and t h e  f i l l e r  materials. 

Another approach t o  t h e  explana t ion  of conduct iv i ty  changes is t o  

consider  t h e  material as a porous s o l i d .  

by Harper and S a h r i g i  (5). They have proposed a model which inc ludes  a 

combination of continuous s o l i d  material and gas - f i l l ed  c a v i t i e s .  This  

One approach has  been considered 

combination can be  considered as provid ing  both p a r a l l e l  and series pa ths  
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f o r  h e a t  t r a n s f e r .  

is p o s s i b l e  t o  c a l c u l a t e  t h e  change i n  thermal  conduct iv i ty  due t o  

changes i n  t h e  p r o p e r t i e s  of t h e  gas included i n  t h e  pores .  

An a n a l y t i c a l  model has  been developed from which i t  

A p r e d i c t i o n  of conduc t iv i ty  w a s  made based upon t h e  a n a l y s i s  i n  

r e fe rence  5 us ing  a va lue  f o r  t h e  conduct iv i ty  of t h e  b inder  obtained from 

0 r e fe rence  6. 

t h e  porous material is  f i l l e d  wi th  air and a conduct iv i ty  of 0.133 B/hr 

f t  OF 

The r e s u l t s  p r e d i c t  a conduct iv i ty  of 0.076 B/hr f t  F when 

wi th  helium s u b s t i t u t e d  f o r  a i r .  

An a t tempt  w a s  made t o  v e r i f y  the  theory  experimental ly  and t h e  r e s u l t s  

are shown i n  f i g u r e  14. 

24 hours (at  a p re s su re  of 10 t o r r )  t h e  chamber w a s  f i l l e d  wi th  helium. 

Af t e r  24 hours wi th  helium i n  t h e  chamber t h e  conduct iv i ty  w a s  measured 

The sample w a s  placed i n  t h e  vacuum chamber and a f t e r  

-5 

aga in  and then  t h e  sample w a s  exposed t o  t h e  atmosphere f o r  24 hours.  

The r e s u l t s  are summarized i n  t a b l e  2.  (See Appendix B f o r  sample 

c a l c u l a t i o n s . )  

Table 2 Conduct ivi ty  Measurements i n  Helium 

I n i t i a l  va lue  of conduct iv i ty  0.071 B/hr f t  ZF 
A f t e r  24 hours i n  vacuum 0.058 B/hr f t  
Af t e r  24 hours i n  helium 0.086 B/hr f t  
Af t e r  24 hours i n  atmosphere 0.068 B/hr f t  F 

The 'value obtained i n  helium is s i g n i f i c a n t l y  h igher  than  t h e  va lue  

i n  a i r ,  however i t  is  considerably less than  t h e  p red ic t ed  value.  The theory 

inc ludes  empi r i ca l  information which may not  be exac t ,  however i t  is  a l s o  

p o s s i b l e  t h a t  t h e  sample w a s  no t  exposed t o  the  vacuum and t h e  helium 

f o r  a s u f f i c i e n t l y  long per iod  of t i m e .  
'4  I 
i 
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Figure 1 4  Experimental Data for Conductivity Measurements in Helium 
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The fol lowing conclusions can b e  drawn from the  experimental  

i n v e s t i g a t i o n .  

1. The thermal conduct iv i ty  is  reduced when t h e  material is exposed 

t o  a vacuum. The magnitude of t h e  reduct ion  measured w a s  

approximately f i f t e e n  p e r  cent  u s ing  the  d a t a  r educ t ion  technique 

given i n  t h i s  r e p o r t .  There is no doubt t h a t  t h e  conduct iv i ty  

is s i g n i f i c a n t l y  reduced, however t h e  d a t a  r educ t ion  technique 

has  no t  been v e r i f i e d .  

2. I n  s i t u  measurements are necessary because a f t e r  reexposure t o  

the  atmosphere t h e  thermal conduct iv i ty  r e t u r n s  t o  i t s  o r i g i n a l  

va lue  and t h e r e  is no apparent  e f f e c t  due t o  vacuum exposure. 

3. The thermal conduct iv i ty  depends upon t h e  p r o p e r t i e s  of t h e  

environment t o  which t h e  material is  exposed. I n  some r e s p e c t s  

t h e  material acts l i k e  a porous s o l i d  b u t  t h e  exact  na tu re  of 

i ts  behavior  i n  d i f f e r e n t  environments has  no t  been e s t ab l i shed .  

4 .  The l i n e  source method is  a promising technique f o r  i n  s i t u  

measurements i n  d i f f e r e n t  environments. 
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I n  t h e  course  of t h i s  p r o j e c t ,  a measurement system and a d a t a  

reduct ion  technique were developed i n  a s h o r t  t i m e .  There are s t i l l  

many unknowns a s soc ia t ed  wi th  t h e  changes t h a t  w e r e  observed and the  

fol lowing sugges t ions  are o f fe red  t o  a i d  i n  planning f u t u r e  s t u d i e s .  

1. The abso lu te  accuracy of t h e  technique used should be  determined. 

One way t o  accomplish t h i s  would b e  t o  have t h e  thermal conduct iv i ty  

of a sample measured by the  Nat iona l  Bureau of Standards.  I f  t h e  

conduct iv i ty  of t he  same samples were subsequent ly  measured by 

t h e  l i n e  source  method a conclus ive  eva lua t ion  of t he  technique 

could be  made. 

2. The l i n e  source technique should b e  f u r t h e r  r e f ined  s o  t h a t  i t  

can be  used i n  a simple r o u t i n e  manner. The refinement needed 

inc ludes  a b e t t e r  d a t a  reduct ion  technique and t h e  de te rmina t ion  

of optimum sample s i z e ,  h e a t e r  current ,  and test dura t ion .  

3 .  An a d d i t i o n a l  s tudy  of NASA E4A1 h e a t  s h i e l d  material should be 

undertaken t o  l e a r n  more about i t s  behavior i n  a vacuum and o the r  

environments. For example, be fo re  a s a t i s f a c t o r y  a n a l y t i c a l  o r  

phenomenological model can be  devised t o  exp la in  conduct iv i ty  

changes, i t  w i l l  be  necessary t o  know whether t h e  gases are 

d isso lved  i n  t h e  b inder  o r  whether the  gases are simply f i l l i n g  t h e  

cavit ies.  
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Appendix A 

Sample Ca lcu la t ions  Using Equation 11 

t2 + t 

tl + t 
0 

0 

= 4, I n  4rK % - 

q = 3.413 12R B/hr f t  

I = h e a t e r  w i r e  c u r r e n t  i n  amperes 

R = r e s i s t a n c e  of t h e  h e a t e r  w i r e  = 2.8156 ohms/ft  

1°F 
X 0 0 .1  mv 

0 = temperature F = scale u n i t s  x 175 s c a l e  u n i t s  0.0225 mv 

S u b s t i t u t i n g  i n t o  equat ion  (11) and so lv ing  f o r  K g ives ,  

t2 + t 
82 - 01 + to 

B/hr f t  O F  
0 

2 30.11 I K =  

wi th  I i n  amperes and 0 i n  scale u n i t s  

T i m e  u n i t s  used w e r e  6 0 / 6 4  seconds,  however no conversion f a c t o r  is 

needed s i n c e  only t i m e  r a t i o s  are used. 
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Appendix B 

Ca lcu la t ion  of t h e  Thermal Conduct ivi ty  of a Porous 

So l id  by t h e  Method Given i n  Reference 5 

The governing equat ions are: 

sx 
(1 - 6)x + 6 y = a + B x  + 

K 

K 
e and x - A  - 
K 
K 

S 

where y = - 
S 

K = e f f e c t i v e  thermal conduct iv i ty  

K = thermal conduct iv i ty  of t h e  s o l i d  

K = thermal conduct iv i ty  of t h e  gas i n  t h e  pores  

K * = e f f e c t i v e  thermal conduc t iv i ty  i n  h igh  vacuum 

e 

S 

g 

e 

ICe* 
a = - - -  - $(l - €) 

S 
K 

2 a B = 1 -  2 a  - (1 - E) 

2 
a ( 1  - E) - a 

2a - (1 - E )  
< =  

The equat ions  were solved using t h e  fol lowing va lues :  

K = 0.220 B/hr f t  O F  from re fe rence  6 
S 
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x1 

1 
a d 

K * = 0.0616 B/hr f t  OF average measured va lues  

K ( a i r )  = 0.0148 B/hr f t  O F  from r e f e r e n c e  7 

K (helium) = 0.0847 B/hr f t  OF from r e f e r e n c e  7 

e 

g 

g 

+ = 0.67 empir ica l  cons tan t  from r e f e r e n c e  5 

Using the  above cons tan ts ,  

0 . 2 7 2 ~  
0 . 5 0 7 ~  + 0.493 

y = 0.280 + 0 . 4 4 8 ~  + 

For a i r  i n  t h e  pores ,  

K = 0.076 B/hr f t  O F  e 

For helium i n  t h e  pores ,  

K = 0.133 B/hr f t  O F  e 

i 
J 
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Appendix C 

Data For Thermal Conduct ivi ty  

The d a t a  fol lowing are i n t e r p r e t e d  as fol lows:  

Run N o .  1 I n i t i a l  d a t a  f o r  a l l  samples 

Run N o .  2-10 Vacuum Chamber and ‘Humidity Chamber i n  Operat ion 

Run No. 11-13 All samples exposed t o  atmosphere 

T i m e  one u n i t  = 6 0 / 6 4  seconds 

Thermocouple Output 1 7 5  u n i t s  = 0.100 m i l l i v o l t s  
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SAlvlPlf NO 1 

c 

R U N  NO 
CURRENT 

T I M E  

1 
2 
3 
4 
5 
6 
7 
9 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2 0  
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

1 2 3 4 5 6 7 
6.251 0,250 0,249 0.248 C-247 0.248 0.247 

17.C 
36.C 
48.C 
56.C 
6 3 . i 
63-5 
72.5 
77.G 
69.5 
s3.c 
86.1 
U8.C 
90.5 
9 2 - 5  
94.5 
96.5 
98.C 

1OO.C 
102et 
103.5 
105.G 
166.5 
107.5 
LD9.C 
1 133 c 
1fl.C 
112.c 
113.C 
114-C 
115.C 

THEKMOCOUPLt OUTPUT 

22eo  
39.0 
50.5 
61.5 
7G.O 
77.c 
82.5 
87.5 
92.C 
95.0 
98.C 

10C.5 
f03 .Q 
105.5 
107-5 
109,G 
1lleC 
112.5 
114.5 
116.C 
117-5 
119.C 
120.0 
121.5 
123.C 
124.0 

126.0 
125-0 

127.C 
128.G 

VA. POLYTECHNIC INSTITUTE COMPUTING CENTER BLACKSBURG, VA. 
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SAMPLE NO 1 (CONTINUED)  

RUN NO 8 9 1C 11 12 13 
CURRENT Go240 Go247 C.247 0.246 C o 2 4 S  8.245 

TIME THERWOCQUPLE OUTPUT 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2 4  
2 5  
26 
27 
28 
29 
30 

20.c 
34.c 
45.5 
55.5 
64-C 
71.5 
78.C 
8 3 . 5  
88.5 
92.5 
96.C 
99.c 
10% .f; 
104.5 
107.c 
lC~9.6 
110.5 
11z.c 
113-5 
115.c 
116-C 
117-5 
119-C 
120.c 
121.c. 
122.c 
123-5 
124.5 
125.c 
126.C 

25.5 
4 0 - 5  
52.0 
6 f e 5  
70.0 
70.5 
82-0 
87.0 
91-0 
94.5  
9 7 - 5  

1 O C . O  
103.0 
105.0 
107-0 
1139.0 
110.5 
112.0 
114-0  
115-5 
11-i.G 
1113.5 
120.0 
121.0 
122-5  
124.0 
125.i) 
126.0  
127.9 
128.5 

20-0 
37.0 
50.0 
60.0 
67.5 
74.5 
80.0 
85.C 
9c.o 
93.5 
97.5 
99.5 
101.5 
104.0 
106.C 
107-5 
109.5 
111.0 
112.5 
114-0 
116.0 
117.5 
118.5 
12o.u 
121-0 
122.c 
123.5 
124.5 
'120.c 
127.0 

24.c 
48.0 
49.c 
57.c 
43.5 
69.0 
74.c 
7'7.5 
a109 
84.C 
86.5 
89.0 
9l.C 
93.0 
95.0 
96.5 
9805 
lOOI0 
101-5 
1g3.3 
104.5 
1GSo.O 
1137.5 
10d.5 
110.0 
111.0 
112.0 
113-5 
114- 5 
115.5 

25.6 
39.c 
49.5 
56.0 
62 .5  
68.3 
7 2 - G  
76.C 
79.5 
87.5 
8 5 - c  
87.1; 
89.C 
91.C 
92.5 
94.G 
95.5 
97.6 
9 8 - 5  

1Ci3-a 
101 . G 
13J2.c 
103.5 
105.0 
l w 5 - D  
107-0 
lCIt3-0 
lCi9oC 
110.0 
111.0 

23.0 
38.0 
49.0 
56.0 
63 .3  
(59-c 
74.0 
77. 5 
80.5 
83.5 
86.0 

VQ.5  
92.5 
94.0 
96.0 
97.5 
99.0 
100,C 
101.5 
lt"3.0 
104.0 
105.5 
106-5 
107.5 
108.5 
109.5 
110.5 
111.5 
112.5 

80.5 
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RUN Nn 
CURRENT 

i 
L 

TIWE 

1 
2 
3 
4 
5 
b 
7 

9 
19 
11 
12 
13 
14 
15 
16 
17 
18 
19 
26 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3 (3 

a 

47 

SAMPLE NO 2 

THE RWU C OU P L E OUTPUT 

1900 
35.0 
4700 
5705 
66.0 
7 2 - 5  

83.5 
88.0  
911-5 

97.5 
100.0 
102.5 
104.5 
106.5 
108.5 
1 l O . C  
111.5 
113.8 
114 .5  
116a8 
117.0 
118.5 
119*5 
121.0 
12200 
123,O 
124-5 
125.5 

78.0 

95064 

4 
00248 

22-9 
3705 
49-0 

67.0 
72.G 
77.0 
81-0 
84-5 
8805 
9200 
9 5 a O  
9 8 0 0  
20Q.f3 
102-5 
10400 
106.0 
107-C 
108-5 
110,O 
111.0 
11200 
113-5 
115e0 
11690 
117.0 
118,fJ 
11990 
12010 
121.0 

5 8 0 0  

7 
00246 
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RUN NO 
CURRENT 

TIME 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 3  
14 
15 
16 
17 
18 
19 
2c1 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

8 
0,247 

20.0 
315.0 
4 6 D C  
54.c 
62.5 
69.G 
75.5 
80.5 
85.C 
823.5 
91-5 
94.c 
96.C 
98DC 
100.0 
102.c 
103-5 
105,C 
106-5 
1ut3,c 
1 0 9 D C  
1 1 O D 5  
111.5 
113.C 
114 .c  
l f 5 e G  
116,C 
117.c 
118.0 
119.c 

SAMPLE NO 2 (CONTINUED) 

9 10 11 12 
0.247 0,247 0.246 0.246 

THERMOCOUPLE OUTPUT 

22-5 
37.5 
49eLt 
5 9 0 0  
67 D 0 
74-0 
79,u 
84.5 

92.5 
95.5 
98.0 

l O 3 . C  
132D5 
104sQ 
l 1 ) 6 , O  

a8.5 

107e5 
109.0 
llQ65 
112e0 
113.0 
11.4-5 
115.5 
116.5 
118DO 
119.0 
120,o 
121-6 
122.0 
123.0 

16 .0  
31.0 
44.0 
55.0 
6 3 * 5  
70.5  
76.6 
81.0 
85.0 
89.8 
91.5 
94-0 
96.0 
98.0 

1ooso 
101e5 
103eO 
€04.5 
1 0 6 e O  
107.5 
1 0 9 e O  
110,E 
111,o 
1 1 2 D O  
113-5 
114.5 
115.5 
116e5 
1 1 7 e 5  
i i a ~  

23.2 
38.3 

54.5 
€35385 
66.3 
70.Q 
73D5 
76.C 
79-0 
81.5 
83.5 
85.5 

8900 
90.5 
92.5 
94.r; 
95.6 
96e5 
98.C 
99.c 

100.5 
101.5 
1Q3*0 
104eQ 
105.0 
106.0 
1C7.0 
108.C 

48.3 

a7,5 

19.0 
35.0 
45.5 
53.0 
59.ff 
54.5 
b9DG 
7 3 , G  
7 6 - 5  
79.5 
b%,O 
84.5 
87.0 
8960 
9 O D 5  
92.c 
93.5 
95.G 
9 4 D 5  
97,s 
98e5 
100, c 
101.0 
1132.6 
1G3eC 
104-0 
105.0 
105.C 
106.5 
1C7-C 

VA. POLYTECHNIC INSTITUTE COMPUTING CENTER BLACKSBURG, VA. 

13 
Ge246 

23DQ 
3 6 - 0  
46.0 
54,0 
60.9 
65.z2 
69.0 
73.9 
7 6 - 0  
78, Y 
81-0 
83.6 
85,0 
87. It 
139-0 
90.5 
92.0 
93-5 
95.6 
96-# 
97.5 
99.0 

1 f ) O l O  
101.0 
1Q2.0 
1d3.0 
184.0 
105.0 
106.0 
107.0 



RUN NO 
CURRENT 

T I M E  

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

29 
30 

a 

28 

1 
0.250 

21.c 
39.0 
5o.c 
58.5 
64.C 
69.5 
74.c 
78 .c  
82.C 
8500 
87 e 5 
90.G 
92.c 
94.0 
95.5 
97.c 
99.c 

l00.C 
102.1: 
103.C 
1 0 4 e 5  
106.C 
lQ7.0 
108.5 
1 1 D . C  
110.5 
112.0 
113.C 
114.C 
114.5 

49 

SAMPLE NO 3 

2 3 4 5 
0.256 C0248 0.249 0,248 

THERMOCOUPLE OUfPUT 

25.0 
43-0 
57-5 
5 7 u c  
75 ,o  

88.5 
93.2 
97.5 
101.9 
104.5 
IO705 
1143.0 
112.5 
114-5 
11605 
118.5 
120.0 
122.0 
123-0 
124.5 
126001 
127-0 
128 e 0 
129.0 
130.0 
131.5 
132.5 
133.5 
f34 .D 

83.0 

29.0 
4600 
5905 
6 7 - 5  
75,5 
8 3 * 5  
9c*c  
95.0 
99.5 
103u5 
107.G 
118.C 
11200 
114.5 
116.5 
118.0 
119.5 
121,c 
12205 
124.0 
125-5 
127.0 
12a.c 
12905 
130.5 
132.0 
133.0 
3134,fj 
135-0 
136.0 

21.5 
413.0 
55-c 
56.5  
76.C 
82,C 
88,C 
93.c 
97.0 

100s5 
104.C 
107.0 
109.5 
3111.5 
113.5 
115.5 
1 1 7 0 5  
119-C 
121.G 
122.5 
124-5 
126*0 
127-5 
129.0 
138.0 
1 3 1 - 0  
132-6 
133.0 
133u5 
134-5 

26.0 
43.0 
56.0 
65.0  
75.0 
82.0 
8 9 - c  
94.0 

102.5 
106.0 
108.5 
111.0 
113.C 
114.5 
116.5 
118.0 
120.0 
121.5 
123.0 
124.5 
126-0 
227.0 
128.5 
129.5 
131uIE 
13200 
133.6 
134.C 
135.0 

98.5 

VA. POLYTECHNIC INSTITUTE COMPUTING CENTER BLACKSBURG, VA. 

6 
0.248 

2500 
44.0 
57.41 
68.0 
76.0 
82-0 
89.Q 
94.0 
38,O 

102.0 
104m5 
10700 
109.0 
111e0 
113.0 
115.0 
116.5 
118.0 
119.5 
121-0 
122.5 
124.0 
125.0 
126.5 
128.0 
129,o 
130.0 
13105 
132.0 
133.0 

7 
0.247 

21.0 
38 .0  
53.0 
613.0 
71.5 
78.5 
85..c 

95.0 
99,G 

102.5 
105.0 
107.5 
109.5 
111.5 
113.5 
115.0 
117.0 
118.5 
120-5 
121.5 
123.0 
124.63 
125.5 
12605 
128.0 
129.0 
130.0 
130.5 
131.5 

9005 
-1  { 
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TIME 

1 
2 
3 
4 
5 
4 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2 4  
25 
26 
27 
28 
29 
30 

I 

-_ _I_ - 
RUN NO M 
CURRENT 0.248 

. -- - -I- 
9 10 ll 

0,247 ( ? e 2 4 7  0,246 

22.0 
4*2 e 5 
55,5 
65*5 
75,o 

8805 
93,o 
9705 
100 e 5 
104.0 
107eQ 
LO905 
111*5 

12090 
121*5 
323,O 
12405 
126,O 
123,u 
E28.Q 
129e5 
1 3 c . 5  
13155 
1325.5 
132 s 5 

25eO 
38,O 

5798 
62435 
68,O 
725.0 
36,O 
7 8 , s  
8 1 e O  
83eU 

48.5 

86,O 
8 8 m Q  
90,Q 
9 2 e C  
93e5 
95.5 
97,o 

3 0 7 s 5  
08,s 

I l O 5 . O  

12 
(9 e 246 

26.0 
39,o 
5 0 - G  
57.5 
6 3 m O  
68eO 
7 2 e C  
7be.C 
7825 
8 L e C  
83,O 
8 5 e O  
87*G 
8 9 e O  
90.5 
9 2 e O  
94*6 
95,o  
96e5 
9 8 m G  
99-5 
101eO 
102.Q 
20300 
104e0 
105e.Q 
106ef.l 
1C7,O 
108,O 
109430 
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RUN NO 
C U R R E N T  

T I N E  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
J.6 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

L 
0,254 

22.5 

43mc 
57,c 
6 4 m C i  
69.5 
75mc 
8O.C 
83.C 
85.5 
88.C 
90.5 
92.C 
94.c 
96-0 
98.C 
99.G 

1 Q l O C  
10205 
10461: 
105.C‘ 
1136.5 
107.5 
1090c 
ll0-C 
111.0 
1120c 
113.C 
1 1 4 m C  
1lf.C 

3 a . ~  

2 3 4 5 
Om253 0.253 (1.252 0,252 

O C O U P L E  OUTPUT 

2 4 - 5  
38.0 
4900 
57,o 
6390 
6.3 . 5 
7305 
7790 
80,O 
83eO 
8 5 e O  
8700 
9c90 
9 2 * 0  
94,0 
95.5 
9705 
99,5 
10l.00 
102.5 
104.0 
106.U 
lQ7,5 
1OBO5 
110-0 
111.0 
l l Z e r 3  
lI.306 
114-6 
115.c1 

23-0 
39,5 
50 .0  
57,s 

a5,5 
88.0 
90,s 
93.0 
94.5 
95.5 
98.0 

1 0 Q . O  
f01e5 

106,C 
107.0 
108%5 

1 l b . O  

22.5 19.5 
39.5 35.0 
49.5 47.0 
58.0 55.5 
64.0 6 2 - 5  

69.0 
73,5 73.0 
77,s 76-5 
81‘05 7 9 e c  
3 3 - 5  81.5 
86-0 84.0 
88.0 8B.G 
9 0 * 5  88-5 
92.5 98.0 
94.c 9195 
96-0 9 3 m G  
97.5 95.0 
99.c 96-5  
0005  88,O 
GI-5 99.5 

1c3ec 1151.0 
104e5 10290 
165.5 103.5 
1G7eC 104a5 
103.C l i > 6 o O  
109,c 107,o 
l O e 5  1089C 
11.5 109.0 

11205 110.6 
113-5 IlleC 

6 
0.252 

21.0 
37.0 
49.5 
56.0 
61.5 
67.0 

75.0 
78.0 
81.0 
% 3 % 5  
€36013 
88.0 
90.0 
91.5 
93.0 
9405 
95.5 
97.0 
98.5 

10U.Q 
1 9 1 a Q  
102.0 
103.0 
104,0 
105.0 
106.0 
1137oO 
188.0 
109.0 

7108 

7 
0.251 

19.5 
3865 
48.5 
57.0 
6 3 .  i! 
59m5 
73.c 
77.c 
813.d 
83-c 
8495 
88.C 
90.3 
91.5 
93.5 
95.9 
96.5 
98 m 0 
99mc 

100m5 
101.5 
103.Q 
104.3 
105.8 
1136.9 
107.0 
108.0 
109e0 
11060 
110.5 
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f 
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RUN NO 
CURRENT 

T I N E  

I. 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
1 6  
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

E 
3,252 

23-C 
37.0 
49-0 
56.5 
6 3 - 5  
b9.C 
74.c 
7 9 , c  
82.6 
85.C 
87,5 
89-5 
91-5 
93.C 
9 5 e o  
96.5 
9 8 e C  
9 9 m C  
100-5 
102 e 5 
103-C 
104-5 
105-5 
L U 6 * 5  
IO755 
108-5 
109.5 
110.5 
111e5 
112ec  

3 1C 11 12 
0,252 G.252 0,250 0,256 

OCOUPLE OUTPUT 

22-0 
39.0 
48-5 
5690 
szeo 
68.0 
72-0 
75.5 
7 9 - 0  
81.0 
83-0 
8 5 - 5  
8 7 - 5  

91-0 
9 2 - 5  
94aO 
95-5 
97-0 
98a5 
10090 
101en 
102,o 
103.0 
104-0 
105-5 
106-5 
1Q7.5 
108.5 
109.C 

89.5 

27.0 
40.G 
50*0 
579c 
6 3 . 0  
68,5 
93.0 
76*0 
7990 
81-5 
83.5 
85-5 
87.85 
8990 
91eQ 
9 2 e.5 
94.G 
95.5 
97.0 
985C 
99.5 
101,o 
10200 
103.C 
104.0 
105,SI 
106-0 
107.0 
108*8 
109.80 

21,c 
37mG 
48.0 
56.6 
6 2 a 5  
b8.C 
7 2 e 5  
9s.c 
7 p 3 e c  
8 2 a G  
84.5 
87.0 
8 8 - 5  
90.5 
92eO 
9 3 - 5  
95-0  
96-5 
9 8 e C  
99.c 

1OO.Q 
101,o 
102-0  
103,f; 
104-0 
105.0 
105,O 
1 0 7 a Q  
1OR.C 
108a5 

VA. POLYTECHNIC INSTITUTE COMPUTING CENTER BIACKSBURG, VA. 

13 
0,250 

19.0 
34-5 
45e0 
54e0 
6000 
65e5  
70.0 
74.0 
77-0 
79-5 
82e0 
85erJ 
87-0 
8 9 - 0  
90-5 
92e0 
93-5 
95-0 

98.80 
99-5 
1Q1.0 
102-0 
103-0 
104e0 
105c.o 
106.0 
107.5 
10855 
f09.5 

97-0 

.I i 
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RUN NO 
CURRENT 

TIME 

1 
2 
3 
4 
5 
6 .  
7 
8 
9 

10 
11 
12 
13 
14 . 
15 
16 
17 
18 
19 
20 
21 
22 ~ 

23 
24 
25 
26 
27 
28 
29 
30 

1 
0 e 25 3 

25.5 
44.c 
56.5  
65,O 
72.5 
77eo  
8105 
8600 
8 9 - 5  
92c5 
95.5 
97-5 

1OO.C 
102mo 
10305 
1Q5*5 
1Ct7-c 
168.5 
ll0.C 
1 1 1 m 5  
1 1 3 . C  
114-c 
115.5 
116.5 
1 1 8 . C  
119.C 
120-0 
121.0 
122-i: 
123.E 

2 3 4 5 
C.253 Ge253 Or252 0.252 

T H E R ~ O C ~ U P L E  OUTPUT 

27.0 
46e8 
57-0 
66eO 
7ZaO 
77.0 
81.5 
85.5 

93.0 
96-0 
98 .5  
100,5 

104e0 
ZQ-6eiQ 
107.5 
109.0 
110.5 
112.0 
113.5 
115eo 
116.5 
117.5 
119.0 
120.0 
121.0 
122.0 
123.0 
124-0 

89.5 

3300  
49.5 
59.0 
67,O 
7 4 e O  
79.5 
84-0 
88.6 
91.0 
94eO 
96,5 
98e5 

10100 
1Q310 
104.5 
lQ6 0-0 
108.0 
109.5 
110a5 
112.0 
113-0 

118.0 
119.5 
120*5 
121.5 
122.5 
123.5 

26.0 
44.0 
56.0 
64.5 
70.5 
76,O 

85-0 
88.0 
91-c 
94.0 
96.5 
99.c 
101*@ 
102.5 
lQ4.5 
156.G 
107e5 
109-0 
l l C . 1 3  
111-5 
112.5 
113e5 

80.5 

19.5 
120-5 
121.5 

27.0 
44.0 
54.0 
63.5 
70.0 
76.0 
81-C 
d4 ,5  
R8.C 
90.5 
93.0 
95.5 
98.0 
99,5 

101.5 
103.5 
105.0 
107.C 
108-5 
110.0 
111.15 
113,Q 
114-0 
115.0 
115.5 
117.5 
118e5 

120-5 
121.5 

6 
(3.251 

15.0 
44.0 
54.5 
62.5 
76-0 
74-5 
79.0 

8 6 -  0 
89e0 
91-0 
93-0 
95.0 
97.0 
98.5 
100.0 
101.5 
103.0 
104.5 
106-0 
107-0 
108.0 
109-5 
110.5 
111-5 
112*5 
113.5 
114.5 
115.5 
116-0 

83.0  

7 
0.25c: 

24. c' 
45.13 
55.5 
6 4 - 5  
7 1 . '2 
76.G 
8 0 - 0  
8 3 . 5  

8 9 - 5  
92.C 
9 4 . 3  
9 6 0 3: 
98.1) 
100.0 
101.5 
133-Q 
1 0 4 e 5  
106.0 
107.5 
108,5 
110,0 
1110.3 
112-6 
113.0 
114.13 
115.0 
116.0 
117.cf 
118.0 I !  

8b.5 i 
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RUN NO 
CURREKT 

-. 

T I M E  
. .  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12  
13 
14 
15 
15 
17 
18 
19 
214 
21 
22 
23 
24 
25 
25 
27 

. 

8 
0.251 

26.C 
42,s 
54.G 
620.0 
69.0 
74.5 
79.0 
830.0 
86.C 
88.5 
91.C 
93.c 
95.c 
97.c 
911.5 

100.5 
lU2.C 
103.5 
105o6 
106.5 
107.5 
109.c 
110.0 
111.0 
112.c 
113eC 
114.0 

SAMPLE- NO 5 (CONTINUED) 

THERMOCOUPLE OUTPUT 

29.5 
45.0 
55.5 
6 3 - 0  
69.0 
75.0 
80-0 
84-0 
86-5 
89.8 
91-0 
93.0 
95.0 
97.0 
98.5 
100.0 
102.0 
103.5 
105.0 
106.0 
107.5 
109.0 
110.0 
111.0 
112.5 
113-5 
114.5 
115.5 
116.5 
117.5 

23.0 
40.0 
52.5 
62.0  
6 8 0 5  
75mQ 
79.5 
83.0 
86.0 
89.0 
91.5 
94,0 
96.0 
9 8 SO. 
99.5 

101*0 
102.5 
104.0 
105,O 
106.5 
108.0 
109,o 
110.0 
111.0 
112-0 
113FO 
114.9 
115.0 
ll6,CI 
117.0 

26-0 
43.5 
54.5 
64.0 
70.0 
75.5 
7905 
83*0 
86.0 
89.0 
91.5 
94e0 
96.0 
98.0 

1ooer3 
101.5 
103eC 
105-0 
106-5 
108.0 
109.0 
110*!5 
112.0 
11300 
i14.5 
115-5 
1 1 6 e 5  
118.0 
119.0 
130.0 

26.0 
43.0 
54.0 
61.0 
67.5 
73.5 
78.0 
82*C 
86.C 
88.5 
91.14 
93.0 
95.5 
97.5  
99.0 
10190 
10205 
1g4e0 
195.5 
107aC 
108-C 
109.5 
3 . l f . G  
112.0 
113.0 
114-0 
f15.0 
11600 
117.0 
11a.0 

28.0 
44.5 
56.0 
64e0 
70.5 
76.0 
80.5 
84.0 
87.0 
90.0 
93.0 
95.0 
97.0 
99.0 

101.0 
10300 
104-0 
10608 
107.0 
108.5 
110*0 
111.0 
112.0 
113,0 
11400 
115.Q 
116.5 
117.0 
118.0 
119.0 

0 
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RUN NO 
CURRENT 

T I M E  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
31; 

1 
0,253 

21.c 
35.c 
44.0 
51-C 
57.0 
62.0 
67.0 
713. 5 
73.5 
76.5 
79.0 
81.C 
83.5 
85.G 
87.C 
89-C 
90-5 
92-C 
94.c 
95.6 
96.5 
98 ,C 
99.c 

1OGeC 
101.G 
102.3 
103.C 
104.C 
105.0 
1Q6.0 

55 

SAMPLE NO 6 

2 3 4 5 
0.252 0.252 0,252 O o 2 5 1  

THERMOCOUPLE OUTPUT 

20.0 
35.0 
4380 
51*5 
57-0 
63.0 
67-5 
70.5 
73.5 
76.0 
78.5 
81.0 
8300 

87.0 
89-0 
9 L O  
92.5 
94.0 
98.0 
97-0 
99.0 

1OU.8 
101.5 
103.0 
104.0 
1:>5eu 
1Gb.3 
10 I o 0  
lOt5,Cl 

85.0 

21.0 
33.0 
43.0 
50aG 
56eO 
6 1 e O  
6 5 . 5  
69.0 
72.0 
74.5 
76.5 
78.5 
88.5  
82 .5  
84-C 
8600 
88.0 
89-5 
91.c 
9205 
94.c 
95.5 
96.5 
98aO 
99-0 
100.0 
101.5 
102.5 
103.5 
1 0 4 a 5  

18.0 
32.0 
41.0 
49.0 
56.C 
61.0 
6 6 e C  
6 9 e 5  
72-5 
75.0 
77*5 
79.5 
8105 
83.5  
85.6 
87,O 
ba-5  
9 O Q o  
9l*5 
92a5 
94-c 
95.0  
96.5 
97.5 
99.G 
100.0 
101.C 
102.0 

103.5 
1C360 

16.0 
31.0 
4L.C 
49.5 
50.c 

63.5 
67.0 
7 c * 5  
73.0 
76.2 
79.0 
81.0 
83.0 
85-0 
86.5 
88.6 
89.5 
91 06 
92.0 
93.5 
95.0 
96,C 
97-0 
98.C 
99-c 

1CO.C 
101.c 
102.0 
103-C 

59.c 

6 
0.251 

19.5 
3 1 a 5  
43.0 
50.0 
5600 
61.0 
65.0 
68.5 
7 1 Q O  
74.c 
75 .0  
78.5 
80.5 
82.8 
84.0 
85.5 
87.0 

89.5 
91.0 
92.5 
93. 5 
95.0 
96.1) 
97.0 
98.Q 
99.0 

1 f ~ O . O  
lt31.f3 
101.5 

88.0 

7 
0.25i; 

20.5 
31.0 
41,0 
49.5 
54.2 
59.c 
63 .? 
6 7 0 7' 

7 4 - 3  

78.0 
80.0 
82.C 
83.5 
55.c 
86.5 
8 8 ,  G 
89.5 
91 * r: 
92.0 
9 3 . c  
94e5 
95.5 
96.5 
9785 
99.0 

lOC*O 
1g1.q 

7665 
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* c 
.A 

. _ _  
RUN NO 8 
CURRENT 00251 

T I M E  

1 
2 
3 
4 
5 
6 
7 
8 
9 

IC 
11 
12 
13 
14 
15 
15 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

19.2 
33.5 
44.0 
50.0 
56-3 
6U.C 
64-C 
67.0 
70.c 
73.c 
76.6 
7%. 5 
81.0 
8205 
84.C 
86-0 
87.5  
89 e C 
9o.c 
9 1 - 5  
9 3 e C  
94.c 
95 .C  
9 6 e C  
9 7 e c  
9 8 e C  
99.c 

1OC.O 
101.0 
102.c 

56 

SAMPLE NO 5 (CONTINUED) 

9 l a  11 12 
0.251 0.251 00250 Ow249 

THERMOCOUPLE OUTPUT 

22-0 
35.0 
43.0 
5 G e O  
56.0 
6 0 e 5  
64.5 
68.0 
71.5 
74.0 
76.5 
78.5 
5 1 e o  
82.5 
84.0 
85.5 
87.0 
8890 
89W5 
90.5 
92.0 
9 3 e u  
94.0 
95.c 
96.0 
97.G 
98.0 
99 . c3 

1 3 0 a O  
1 G l e i S )  

24.0 
3 5 0 5  
4490 
51.0 
55eo 
59,o  
62.5 
66.0 
69.0 
72.0 
75.0 
7 7 e O  
79e5 
8 1 e O  
83.0 
84.5 
8600 
8 7 e 5  
89eO 
900c; 
91*0 
92-0 
9 3 * 0  
9400 

96,c" 
97.C 
9795 
98.5 
9 9 a U  

9 5 0 0  

2 0 a O  
33.5 
44.c 
51.C 
57011 
6200 
h7,C 
78.5 
7 4 e O  
76.C 
79.c 
81.C 
83.0  
8 5 e O  
8 7 e O  
88.5 
9GOC 
91*5 
93.c 
94.c  
9 5 e 5  
97.0 
9 e - c  
99,C 

1oo.f; 
101aO 
102*G 
1 0 3 a Q  
104eO 
105,o 

2Q.O 
32.5 
42.0 
4990 
55.0 
6 C e C  
6 4 e C  
67,5 
7 c s 5  
73.G 
7600 
7 R e G  
86.0 
8 2 e G  
8 4 e C  
85.5 
87.0 
83a5 
9G.C 
9 1 a C  
92.5 
9 4 a C  
95*6 
9 6 e C  
97ec 
98*0 
99wo 
100.i3 
101*c 
102.0 

13 
0.249 

16.0 
32-15 , 
41.5 
49.0 
55.0 
6C e 2 
W t e o  
67. 5 
71.0 
73.5 
7 6 e @  
78.5 
80.5 
82a9 
84-0 
86e0 
87.5 
89e0 
9ue0 
91.5 
92.5 
94e0 
9 5 e Q  
96e3 
97-0 

99.8 
100.0 
101.(3 
102,C) 

9 8 0 0  

. I  .. , 
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Appendix D 

Sample Temperature 

A l l  va lues  are given i n  m i l l i v o l t s  f o r  copper-constantan thermo- 
couples wi th  a r e fe rence  j u n c t i o n  a t  32 F. Numbers l a  and 4a r e f e r  t o  
thermocouples imbedded i n  t h e  s u r f a c e  of sample 1 and sample 4 respec- 
t i v e l y .  A l l  o t h e r  thermocouples are loca ted  near  t h e  cen te r  of t h e  
r e s p e c t i v e  samples. 

Sample Numbers 

1 la  2 3 4 4a 5 6 
Run No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  

* 13 

0.819 
0.856 
0 852 
0.832 
0.850 
0.801 
0.820 
0.850 
0.830 
0.810 
0.820 
0.845 
0.804 

0.822 
0.859 
0.852 
0.837 
0.855 
0.806 
0.830 
0.851 
0.845 
0.804 
0.820 
0 845 
0.812 

0.819 
0.856 
0.852 
0.837 
0.855 
0.805 
0,820 
0.850 
0.836 
0.810 
0.820 
0.845 
0.805 

0.819 0.809 0.813 
0.856 0.872 0.876 
0.852 0.857 0.863 
0.837 0.859 0.861 
0.852 0.881 0.888 
0.810 0.869 0.871 
0.820 0.871 0.878 
0.850 0.867 0.867 
0.840 0.865 0.870 
0.810 0.853 0.852 
0.814 0.775 0.774 
0.845 0.815 0.816 
0.812 0.792 0.796 

0.809 
0.872 
0.859 
0.859 
0.881 
0.869 
0.878 
0.867 
0.870 
0.860 
0.775 
0.815 
0.796 

0.809 
0.872 
0.861 
0.859 
a. 881 
0.864 
0.878 
0.867 
0.870 
0.865 
0.775 
0.815 
0.796 


